Treatment of WB-F344 rat liver epithelial cells with DDT (l,l-bis(p-chlorophenyl)-2,2,2-trichloroethane) or lindane induces a loss of gap junction plaques and a decrease in the phosphorylated gap junction protein connexin43-P2 (Cx43-P2), which is associated with the plaques. In this study we have considered several mechanisms. The loss of junctional plaques could be due to disaggregation of junctional particles or to endocytosis of the plaques, while the loss of Cx43-P2 could be due to dephosphorylation or degradation. lmmunohistochemical analyses of DDT-or lindane-treated cells revealed a reduction in plasma membranous Cx43-positive gap junction plaques coincident with the appearance of Cx43-positive punctate cytoplasmic structures. The cytoplasmic Cx43-positive structures eventually disappeared after 4 h treatment Diffuse Cx43-positive plasma membranous staining was not seen following DDT or lindane treatment Western blot analyses of these cells indicated that Cx43-P2 decreased in a timedependent manner that paralleled the disappearance of gap junction plaques from the plasma membrane. The loss of Cx43-P2 was not due to dephosphorylation, since no increase in non-phosphorylated (Cx43-NP) or other phosphorylated (Cx43-Pl) forms of the protein were evident The decrease in Cx43-P2 and the disappearance of cytoplasmic Cx43-positive structures were prevented by colchicine and chloroquine, which suggests that Cx43-P2-containing plaques were internalized and degraded in lysosomes. In addition, two small (-18 and -22 kDa) bands appeared in Western blots coincident with the loss of Cx43-P2 and may be degradation products of the protein. These immunohistochemical and biochemical data strongly suggest that the loss of gap junction plaques and of Cx43-P2 in WB-F344 cells treated with DDT and lindane were due to endocytosis of the plaques and degradation of Cx43-P2 in lysosomes.
Introduction
Gap junctions are clusters of plasma membrane channels that connect the interiors of adjacent cells and permit the diffusion of small (< 1 kDa) ions and molecules between coupled cells (1). This intercellular exchange, or gap junctional intercellular communication (GJIC*), is involved in the regulation of cellular growth and neoplastic transformation in addition to many other physiological roles (2) (3) (4) (5) . Cellular proliferative states (e.g. two-thirds partial hepatectomy) and agents that enhance cellular proliferation (e.g. certain growth factors and oncogenes) reduce GJIC (3) (4) (5) . Most neoplastically transformed cells have reduced levels of GJIC compared with nontransformed cells (2) . This latter defect is often the result of reduced expression of connexins (6) , which are the proteinaceous subunits of gap junctional channels (6) . Recent studies have shown that the enhancement of connexin expression and GJIC by transfection with connexin cDNA expression vectors restored a more normal phenotype to neoplastic cells. This was evidenced by reduced growth in vitro and/or decreased tumorigenicity (7) (8) (9) (10) (11) (12) (13) . In contrast, inhibition of GJIC by stable transfection with a connexin antisense cDNA or by treatment of cells with connexin antisense oligonucleotides has resulted in abnormal growth regulation in vitro (14, 15) . Thus, direct and indirect evidence indicates that GJIC is involved in growth regulation and neoplastic transformation.
Many agents have been reported to inhibit GJIC both in vivo and in vitro. These agents include numerous non-genotoxic rodent carcinogens, such as phthalate esters, pesticides, barbiturates, peroxides, polychlorinated and polybrominated biphenyls and phorbol esters (reviewed in [16] [17] [18] . Because of the involvement of GJIC in growth regulation and neoplastic transformation, inhibition of GJIC by these agents may be important in their ability to enhance neoplastic transformation. Since several of these compounds may play a role in human carcinogenesis (19, 20) , it is important to understand how they inhibit GJIC. This will facilitate extrapolations between human and animal results and may lead to strategies designed to prevent the inhibitory effect. To date, however, the mechanisms of action of these agents on gap junctions are poorly understood.
We have been examining the mechanisms by which pesticides and other agents inhibit GJIC in WB-F344 rat liver epithelial cells (21) (22) (23) (24) . These cells are good models to study chemical effects on gap junctions because they have large gap junctions and are highly coupled. The junctions are comprised of connexin43 (Cx43), although a small amount of connexin26 can also be detected under certain culture conditions (21, 22) . In previous studies, we have reported that pesticides such as l,l-bisO-chlorophenyl)-2,2,2-trichloroethane (DDT), lindane (LND; y-hexachlorocyclohexane), heptachlor epoxide and dieldrin induced the loss of Cx43-containing gap junctions from these cells in a dose-and time-dependent manner (21) (22) (23) (24) . These changes occurred 1-4 h after treatment and were detected immunohistochemically using an anti-Cx43 monoclonal antibody. The loss of gap junctions was not due to the inhibition of Cx43 gene transcription, but was correlated with a decrease in Cx43-P2, the phosphorylated form of the protein that is thought to be the major component of large junctional plaques (25) .
The loss of gap junctions in these cells could be due to the disaggregation of particles in junctional plaques or to endocytosis of the plaques, whereas the decrease in Cx43-P2 could result from Cx43-P2 dephosphorylation or degradation. In the present study, we have further examined how DDT and LND induce the loss of gap junctions and Cx43-P2 in WB-F344 cells with these possibilities in mind. Our data indicate that these agents induce gap junction endocytosis and Cx43-P2 degradation in lysosomes.
Materials and methods

Reagents
All reagents and tissue culture medium components were purchased from Sigma Chemical Co. (St Louis, MO) unless noted otherwise.
Cell culture WB-F344 rat liver epithelial cells were cultured in Richter's improved minimal essential medium (Irvine Scientific, Santa Ana, CA) supplemented with 5% fetal bovine serum and 50 |ig/ml gentamicin sulfate. The cells were maintained in standard tissue culture dishes (Falcon/Becton-Dickinson) and passaged by trypsinization as described (21) .
Treatment of cells with test agents
WB-F344 cells were cultured in 35 mm dishes for the dye coupling assays and immunohistochemistry or in 100 mm dishes for the biochemical assays. At -90% confluence, the cells were treated with the test agents. DDT and LND were first dissolved in dimethylsulfoxide (DMSO) and then mixed into the culture medium (1 |il test agent/ml medium). Control cultures were treated with DMSO (1 nl/ml medium). Cycloheximide (CHX), colchicine and chloroquine were first dissolved in sterile deionized water and then applied to the cells (1 (il/ml medium).
Dye coupling assay of GJIC
Fluorescent dye coupling levels in WB-F344 cells were determined by microinjection of Lucifer Yellow CH dye exactly as described (21) .
Immunohistochemical staining of gap junctions
Cx43 was detected in WB-F344 cells by indirect immunofluorescent staining using a mouse anti-Cx43 monoclonal primary antibody (Zymed Corp., South San Francisco, CA) and a fluorescein isothiocyanate-conjugated rabbit antimouse IgG secondary antibody (Jackson Immunoresearch, West Grove, PA) as described (21) . The cells were viewed and photographed under epifluorescent illumination through a 100X oil immersion objective lens mounted on a Nikon Diaphot microscope.
Western blot analyses of Cx43
Western blot analyses of Cx43 in WB-F344 cells were performed using plasma membrane-enriched fractions and whole cell extracts. Membraneenriched fractions were prepared using alkaline hypotonic buffer exactly as described (21) . Whole cell preparations were generated by harvesting the cells by scraping in phosphate-buffered saline, collecting the cells by centrifugation (1500 r.p.m), sonicating the cell pellet in 0.5 ml alkaline hypotonic buffer and adding 55 |il 20% SDS to the sonicate (final SDS concentration 2%).
Membrane-enriched and whole cell samples (10 |ig protein/sample) were combined with an equal volume of 2X Laemmli sample buffer and separated by SDS-PAGE on 12% polyacrylamide gels under reducing conditions. Proteins were transferred to Immobilon-P membranes (Millipore Corp.) by electrophoresis and Cx43 was detected using a mouse monoclonal anti-Cx43 antibody (Zymed) and a Western blot detection kit (Amersham Corp., Arlington Heights, IL) as described (21) 
Results
The relationship of dye coupling to gap junction abundance and Cx43 localization were studied in cells treated with DDT and LND by fluorescent dye microinjection and immunohistochemical staining of Cx43. As summarized in Table I and shown in Figure 1 , control cells had a high level of fluorescent dye coupling and numerous gap junction spots were localized to cell-cell interfaces. Little cytoplasmic staining was observed in these cells. Following the addition of DDT or LND to the cultures, a rapid inhibition of dye coupling occurred, wherein the dye coupling percentage decreased from 96.8 to 4.1% The cells were treated with DMSO (0.1%, control) for 4 h or with DDT (25 |iM) or LND (50 \iM) for the durations indicated then assayed for dye coupling or fixed and immunostained using anu-Cx43 monoclonal antibody. 'The dye coupling percentage was determined as indicated in Materials and methods. All treatment groups were significantly different versus the control group (P < 0.01, n = 3 dishes/group). The abundance of gap junctions on the plasma membranes and of antiCx43 antibody reactive material in the cytoplasm were graded on a scale ranging from very abundant (+ + +) to none detected (-).
(DDT) or 5.2% (LND) within 10 min (Table I) . With further treatment up to 4 h, dye coupling remained nearly undetectable. Gap junctions in these cells also decreased, but the onset was not as rapid as the reduction in dye coupling ( Figure 1 and Table I ). In control cells, numerous Cx43-positive gap junctions were evident at cell-cell interfaces ( Figure 1A ). This staining pattern was not affected by treatment with DDT for 15 min ( Figure IB ). After 30 and 60 min treatment, however, fewer gap junction spots were evident at cell-cell interfaces and Cx43-positive spots within the cytoplasm could be seen ( Figure  1C and D). Finally, both plasma membranous and cytoplasmic Cx43 staining were nearly undetectable after 4 h treatment ( Figure IE) . Diffuse staining of the plasma membrane suggestive of junctional particle disaggregation was not evident. These effects were reversible when DDT was removed from the culture medium ( Figure IF) . Similar results were obtained with LND (Table I and data not shown).
Analyses of Cx43 in these cells by Western blotting of plasma membrane-enriched extracts revealed treatmentdependent changes in the protein that were correlated with the above changes in gap junction localization and abundance. In plasma membrane-enriched fractions, three predominant Cx43-positive bands could be seen (Figure 2 ). Based upon the work of Musil and Goodenough (25), we have designated these bands Cx43-NP (non-phosphorylated Cx43) and Cx43-Pl and -P2 (phosphorylated Cx43). The P2 form is thought to be the major component of the gap junction plaques (25) . In cells treated with DDT or LND, decreases in Cx43-P2 were evident after 1 h treatment, followed by the nearly complete absence of the P2 form after 4 h treatment. These changes in Cx43-P2 were correlated with the loss of gap junction spots on plasma membrane interfaces over 1-4 h (Figure 1) . A slight reduction in Cx43-Pl and no change in Cx43-NP were also evident over the 1-4 h treatment duration (Figure 2) .
The loss of Cx43-P2 could have been due to its dephospho- rylation to Cx43-NP or Cx43-Pl. To address this, the cells were pretreated with the protein synthesis inhibitor CHX, then with DDT or LND. Pretreatment of the cells with 50 ^.M CHX for 4 h was not cytotoxic and resulted in most of the Cx43 occurring as Cx43-Pl and Cx43-P2 (Figure 3) , presumably due to the phosphorylation of residual Cx43-NP. These cells were treated with DDT or LND and Cx43 was analyzed by Western blot. If the compounds induced Cx43-P2 dephosphorylation, then an increase in Cx43-Pl and/or Cx43-NP would result. This was not the case, however. As described above, Cx43-P2 decreased with treatment duration, but there was no increase in either Cx43-Pl or Cx43-NP ( Figure 3A and B) . In control cells pretreated with CHX, a decrease in Cx43-P2 was also noted ( Figure 3C ), but this occurred over a much longer time period than in cells treated with DDT or LND. This suggests that the disappearance of Cx43-P2 following treatment with DDT or LND was not simply due to normal degradation of the protein.
The data presented thus far suggest that the loss of plasma membranous Cx43-positive gap junction staining and of Cx43-P2 were not due to gap junction disassembly or Cx43-P2 dephosphorylation. Another possibility is that the gap junctions were endocytosed and Cx43-P2 was degraded in lysosomes. This hypothesis would account for the increased Cx43-positive cytoplasmic staining in DDT-and LND-treated cells. To test this possibility, several experiments were performed. First, whole cell extracts were prepared in the hope of detecting a Cx43 degradation product(s). In whole cell preparations from control cells, the NP, PI and P2 forms of Cx43 were evident, although the level of Cx43-P2 relative to the NP form was less than in membrane-enriched preparations (Figure 4 ). This is probably due to the fact that the P2 form is found in the plasma membrane, whereas the NP form is also present in the cytoplasmic compartment (25) . Thus, the relative levels of each would be different depending upon the isolation procedure. When whole cell extracts were prepared from cells treated with DDT or LND for 0-4 h, a decrease in Cx43-P2, a slight reduction in Cx43-Pl and no change in Cx43-NP were P2 in the whole cell extracts, two low molecular weight (~18 and ~22 kDa) bands appeared (Fl and F2 in Figure 4 ). These might be degradation products.
A second series of experiments was performed to further determine whether gap junction endocytosis and degradation were involved in the loss of plasma membrane plaques in cells treated with DDT or LND. Endocytosed gap junctions have been observed in other types of cells and sometimes appear as annular structures (26) . Furthermore, primary lysosomes have been observed to fuse with endocytosed gap junctional vesicles (27) and the presence of acid phosphatase has been noted in these structures (28) . This suggests that gap junction plaques may be endocytosed and degraded in lysosomes and that DDT and LND may be activating this pathway either directly or indirectly. Thus, severeal inhibitors of these processes were tested for their effects on the loss of gap junction plaques and Cx43-P2 in DDT-and LND-treated cells. We first examined the treated cells by anti-Cx43 immunostaining. As noted above, DDT and LND decreased the number of Cx43-positive spots at cell-cell interfaces after 4 h treatment; few cytoplasmic spots were evident in these cells ( Figure 5D and G and Table II) . When the cells were treated with DDT or LND and colchicine, which destabilizes microtubules and prevents endosome trafficking and fusion with lysosomes (29), or chloroquine, which inhibits lysosmal enzyme activities (30) , there was an accumulation of Cx43-positive spots in the cytoplasm ( Figure 5E , F, H and I and Table II) . A few small spots were also present on the plasma membrane. Colchicine The cells were treated with DMSO (0.1%, control), colchicine (30 uM), chloroquine (50 uM), DDT (25 uM) and/or LND (50 uM) for 4 h then assayed for dye coupling or fixed and immunostained using anti-Cx43 monoclonal antibody. b The dye coupling percentage was determined as indicated in Materials and methods. All groups treated with DDT or LND were significantly different versus the control group (P < 0.01, n = 3 dishes/group). The abundance of gap junctions on the plasma membranes and of anuCx43 antibody reactive material in the cytoplasm were graded on a scale ranging from very abundant (+ + +) to none detected (-).
and chloroquine treatment alone had no effect on Cx43 immunostaining (Figure 5A-C and Table II )-Coincident with the abilities of colchicine and chloroquine to cause the accumulation of Cx43-positive spots in DDT-and LND-treated cells, Western blot analyses of the cells revealed that both drugs also prevented the loss of Cx43-P2 induced by DDT and LND ( Figure 6 ). These results suggest that the loss of gap junction plaques and of Cx43-P2 in DDT-and LND-treated cells was due to endocytosis and degradation of plaques in lysosomes.
Discussion
In this study, we have shown that the inhibition of GJ1C (dye coupling) induced by DDT or LND occurred rapidly and was initially not due to gross structural changes in the size, location or number of gap junction plaques or the quantity or phosphorylation status of Cx43. Subsequent treatment, however, led to the disappearance of plasma membrane junctional plaques, the appearance of Cx43-positive spots in the cytoplasm, which eventually disappeared, and the disappearance of Cx43-P2. These time-dependent changes in dye coupling, Cx43 immunostaining and Cx43-P2 status have been described in WB-F344 and other types of cells treated with several chemical inhibitors of GJIC (21) (22) (23) (24) (31) (32) (33) (34) , but the mechanism^) was not determined. In this study, we have considered whether the disappearance of plasma membrane plaques was due to their disassembly into individual particles or to endocytosis and whether Cx43-P2 was dephosphorylated or degraded.
Based upon the immunohistochemical data, we believe the •««ii junctional plaques were endocytosed rather than disassembled. Disaggregation and dispersal of junctional particles in the plasma membrane would result in diffuse Cx43-positive immunostaining of the plasma membrane (35, 36) and we saw no evidence for such staining in DDT-and LND-treated cells (Figures 1 and 5) . Also, Cx43-positive structures appeared in the cytoplasm coincident with the loss of Cx43-positive spots from the plasma membranes (Figures 1 and 5 ). These structures accumulated in cells that were also treated with colchicine and chloroquine, suggesting they were endocytosed gap junction vesicles on the pathway to degradation in lysosomes. The endocytosis of gap junction plaques and fusion of the vesicles with lysosomes has been observed in other systems (26) (27) (28) , including cells treated with other tumor promoters, such as phorbol esters (22, 31) and butylated hydroxytoluene (24) . The patterns of immunostaining we observed are thus consistent with the literature and the interpretation that gap junction plaques were endocytosed and not disassembled into individual junctional particles in cells treated with DDT or LND. However, this does not preclude the possibility that other agents might have different effects on gap junctions (discussed below). We also conclude that the loss of Cx43-P2 was due to its degradation rather than dephosphorylation. First, two putative 1796 degradation products of Cx43-P2 were detected in cells treated with DDT and LND. These ~ 18 and -22 kDa peptides appeared coincident with the loss of Cx43-P2 in whole cell extracts, but were not evident in plasma membrane-enriched preparations. This suggests that the two peptides were derivatives of C43-P2 and were localized in the cytoplasmic and/or nuclear compartment. Since Cx43 immunoreactivity was not detected in nuclei, the small peptides were most likely cytoplasmic, consistent with the degradation of Cx43-P2 in lysosomes. Secondly, no increase in Cx43-NP or Cx43-Pl was apparent in cells treated with CHX and then DDT or LND, indicating that the loss of Cx43-P2 was not due simply to dephosphorylation. However, it is possible that dephosphorylation occurred and triggered rapid Cx43-P2 degradation; such a short-lived dephosphorylated species might not have been detected by Western blot. We do not believe this is the case, however, since the protein phosphatase inhibitor okadaic acid had no effect on the loss of Cx43-P2 in cells treated with DDT or LND (data not shown). Thirdly, colchicine and chloroquine prevented the loss of Cx43-P2, which indicates that microtubules and lysosomes were involved in the disappearance of Cx43-P2. These three lines of evidence strongly suggest that DDT and LND induced the loss of Cx43-P2 by gap junction endocytosis and degradation in lysosomes, rather than by dephosphorylation.
This may not be the case with other inhibitors of GJIC, however. 18P-Glycyrrhetinic acid, which also inhibits dye coupling and decreases gap junctions and Cx43-P2 in WB-F344 cells, induces gap junction disassembly and Cx43-P2 dephosphorylation (37) . The disappearance of gap junction plaques in these cells is accompanied by the appearance of diffuse Cx43-positive staining of the plasma membrane at cell-cell borders. In addition, treatment of WB-F344 cells with the phorbol ester 12-0-tetradecanoylphorbol-13-acetate (TPA) is accompanied by the rapid (within 15 min) endocytosis of gap junction plaques and the appearance of a novel phosphorylated form of Cx43, Cx43-P3 (22, 24) . There was no evidence, however, that TPA reduced Cx43-P2 content or induced its degradation.
Little is known regarding connexin degradation. A recent study by Laing and Beyer (38) suggests that in normal rat kidney cells, degradation of Cx43 principally occurs by ubiquitination of the peptide and degradation in proteosomes. Their data also indicate that degradation of Cx43 can occur in lysosomes, but that this is a minor route. In WB-F344 cells treated with DDT or LND, however, our data suggest that Cx43 degradation occurs principally in lysosmes. This is because chloroquine nearly completely prevented the disappearance of Cx43-P2 ( Figure 6 ). The differences between our data and that of Laing and Beyer (38) may be due to the fact that DDT and LND shift Cx43 degradation from the ubiquitin/ proteosome pathway to the endosome/lysosome pathway or that the former pathway may be a minor or non-existent pathway in WB-F344 cells. It would be interesting to test whether DDT or LND induce Cx43-P2 degradation in normal rat kidney cells and if this could be inhibited by chloroquine.
Connexins may be degraded by other pathways. Connexin32 has been reported to be degraded by calpains (39) . However, this does not appear to be the case for Cx43 in normal rat kidney (38) or WB-F344 cells. Calpain inhibitor I did not prevent the loss of Cx43-P2 in WB-F344 cells treated with DDT or LND (Guan and Ruch, unpublished results).
The appearance of two putative Cx43-P2 fragments in DDT-and LND-treated cells (Figure 4) suggests that Cx43 may be degraded by at least two steps, the first step generating thẽ 22 kDa fragment and the second resulting in the ~18 kDa piece. It is important to note that the epitope of the Cx43 monoclonal antibody is located within amino acid residues 252-271 and, thus, must be present within both fragments. In agreement with our data, Goldberg and Lau (40) have described a phosphorylated 17 kDa degradation product of Cx43 in normal and v-s/r-transformed Rat-1 fibroblasts. We do not yet know, however, if the 18 and 22 kDa fragments we observed are phosphorylated or related to the 17 kDa fragment. Further studies using other site-specific antibodies are necessary to elucidate the various steps of Cx43 degradation in lysosomes.
It will also be interesting to determine the 'trigger' mechanism for gap junction endocytosis and whether this is related to the initial inhibitory effects of DDT and LND on dye coupling, which do not involve gross structural changes in the junctions or Cx43 status. It will also be of interest to determine the role that gap junction endocytosis and degradation play in the in vivo effects of DDT or LND on gap junctions (41) (42) (43) and the carcinogenic and toxicological properties of these compounds.
